In plants and mammals, oxylipins may be synthesized via multi step processes that consist of dioxygenation and isomerization of the intermediately formed hydroperoxy fatty acid. These processes are typically catalyzed by two distinct enzyme classes: dioxygenases and cytochrome P450 enzymes. In ascomycetes biosynthesis of oxylipins may proceed by a similar two-step pathway. An important difference, however, is that both enzymatic activities may be combined in a single bifunctional enzyme. These types of enzymes are named Psi-factor producing oxygenases (Ppo). Here, the spatial organization of the two domains of PpoA from Aspergillus nidulans was analyzed by small-angle X-ray scattering and the obtained data show that the enzyme exhibits a relatively flat trimeric shape. Atomic structures of the single domains were obtained by template-based structure prediction and docked into the enzyme envelope of the low resolution structure obtained by SAXS. EPR-based distance measurements between the tyrosyl radicals formed in the activated dioxygenase domain of the enzyme supported the trimeric structure obtained from SAXS and the previous assignment of Tyr374 as radical-site in PpoA. Furthermore, two phenylalanine residues in the cytochrome P450 domain were shown to modulate the specificity of hydroperoxy fatty acid rearrangement.
Introduction
Products of lipid peroxidation are commonly termed oxylipins [1] and may possess pivotal functions as signal molecules [2] [3] [4] . Biosynthesis of these compounds is often a sequential process involving a co-factor (heme or non-heme iron) dependent dioxygenase (DOX), which enzymatically forms a hydroperoxy fatty acid, and a subsequent rearrangement of this intermediate by a class III cytochrome P450 [5] . Whereas many aspects of oxylipin biosynthesis in plants are characterized, an emerging field of oxylipin research focuses on the exploration of oxylipin diversity and biosynthesis in fungi [1] . One important class of fungal oxylipins has been named due to its involvement in regulation of the sexual and asexual life cycle of the fungus: precocious sexual inducers (Psi-factors) [6] [7] [8] . These fungal oxylipins are of particular interest, since they have not only been proposed to mediate developmental processes of the fungus, but also to be involved in host-pathogen communication and thus potentially promote fungal infections of plants and mammals [1, 3, 9, 10] . The enzymes responsible for biosynthesis of these Psi-factors were initially identified in Aspergillus nidulans as orthologs of 7,8-linoleate diol synthase (7, from Gaeumannomyces graminis and have been named Psi-factor producing oxygenases (Ppo) [11] [12] [13] . Whereas at this time 7,8-LDS was thought to be functionally [14] and structurally [15] similar to the mammalian prostaglandin H2-synthase (PGHS), bioinformatic [12, 16, 17] and biochemical [17] analyses of the prototype enzyme of the new Ppo-family, PpoA, revealed that the protein has two independent heme domains. The N-terminal domain, which also shows structural and functional homology to PGHS, inserts molecular oxygen at the allylic C 8 of an unsaturated C18 fatty acid. This hydroperoxy derivative serves then as substrate for the C-terminal domain. Here, a class III cytochrome P450, which neither requires external reducing equivalents nor catalyzes substrate monooxygenations, rearranges the 8-hydroperoxy fatty acid (e.g. 8-hydroperoxy octadecadienoic acid; 8-HPODE) to its 5,8-dihydroxy derivative (e.g. 5,8-dihydroxy octadecadienoic acid; 5,8-DiHODE). Notably, this twostep process of oxylipin biosynthesis, with lipid peroxidation by a DOX and subsequent rearrangement of the hydroperoxy fatty acid intermediate by an atypical cytochrome P450, resembles the typical oxylipin biosynthesis pathways of mammals and plants (Fig. 1) . Later it was shown that the previously described 7,8-LDS exhibits a similar domain architecture with its P450-domain possessing a distinct specificity and rearranging the intermediately formed 8-hydroperoxy fatty acid to its 7,8-dihydroxy derivative [18] . Several studies could confirm the proposed homology of the distinct PpoA domains to oxylipinforming enzymes from a mechanistic [19, 20] as well as from a structural point of view [15, 21] . For example, Fielding et al. could confirm that fatty acid dioxygenation by PpoA involves a tyrosyl radical [20] , which may possess the same function as the catalytic competent tyrosine of PGHS [22] . Although sequence alignments between these two enzymes suggested that the tyrosyl radical is formed at Tyr374 in PpoA, a recent structural model of PpoA's DOX-domain raised the possibility that Tyr327 might serve as terminal site within a radical propagation chain [21] . In addition, an arginine-residue that may be involved in ionic binding of the fatty acid substrate within the DOX-domain was identified. On the other hand, affinity of the hydroperoxy fatty acid derivative to the cytochrome P450-domain in the next step of the reaction is not governed by ionic interactions and no determinants of substrate binding to this domain have been identified to date.
In contrast to the reaction mechanism of Ppo enzymes, knowledge of their structure and especially of the arrangement of the two catalytic domains within a single protein is still scarce. Here, we addressed this question by small-angle X-ray scattering (SAXS) in combination with atomic structure prediction of the single domains described previously [21] . The obtained model was validated by limited proteolysis of the protein. Based on this model and newly measured double electron-electron resonance (DEER) data for the wild type enzyme as well as for the previously described Tyr327Phe variant, we conclude that Tyr327 does not serve as an alternative radical site. Furthermore, we utilized the derived enzyme model to get further insights into the substrate binding mode of the cytochrome P450-domain of PpoA.
Materials and methods

Materials
Unless stated otherwise, all chemicals were obtained from Carl-Roth (Karlsruhe, Germany) and were of highest quality available. PfuPolymerase and DpnI were purchased from Fermentas (St. Leon-Rot, Germany) and peroxide-free fatty acids were obtained from Cayman Chemical (Ann Arbor, Michigan, USA).
Methods
Enzyme expression and purification
Enzyme expression and purification were performed as described by Brodhun et al. [17] with some slight modifications: The addition of 5 mM EDTA to the buffer (50 mM Tris/HCl (pH 7.6) containing 10% glycerol) used for the first anion exchange chromatography step enabled us to generate pure PpoA (>90%) with the following size exclusion chromatography step (using 50 mM Tris/HCl (pH 7.6) as mobile phase). With this modification we were able to omit the additional anion exchange chromatography step reported before [17] . The protein-concentration was determined by UV-absorption utilizing a specific absorption coefficient ε 280 = 125.500 M robotic sample changer [24] . PpoA wild type enzyme was prepared in 20 mM HEPES, pH 7.4; 2 mM DTT was added facultatively and these preparations were measured at several solute concentrations in a range from 26 to 0.4 g/l (26.0 g/l, 9.8 g/l, 5.0 g/l, 2.1 g/l, 1.1 g/l, 0.6 g/l and 0.4 g/l). SAXS data were recorded on a PILATUS 1M pixel detector (DECTRIS, Baden, Switzerland) at a sample-detector distance of 2.7 m and a wavelength of 1.5 Å. This set up covers a range of momentum transfer of 0.012 b s b 0.6 Å −1 (s = 4π sin(θ) / λ, where 2θ is the scattering angle). The measured data were processed by PRIMUS [25] . The forward scattering I(0) and the radius of gyration (R g ) were calculated using the Guinier approximation [26] and assuming that at very small angles (s b 1.3 / R g ) the intensity is represented as I(s) = I(0) * exp(−(sR g ) 2 / 3). The pair-distance distribution function p(r), from which the maximum particle dimension (D max ) is estimated, was computed using GNOM [27] . Finally, the excluded volume of the hydrated particle was computed using the Porod invariant [28] and the molecular mass was estimated as 0.6 times the Porod volume. Low resolution shape analysis of the solute was performed using the ab initio program DAMMIF [29] . This algorithm represents the macromolecule by an assembly of densely packed beads and employs simulated annealing to build a compact interconnected configuration of beads inside a sphere with a diameter (D max ) that fits the experimental data I exp (s) and minimizes the discrepancy χ 2 :
where N is the number of experimental points, c is a scaling factor and I calc (s) and σ(s j ) are the calculated intensity and the experimental error at the momentum transfer s j , respectively. Several independent simulated annealing runs were performed and the results were analyzed using DAMAVER [30] . Predicted high resolution structures of PpoA's DOX-and P450-domain [21] were used as input for molecular docking. The program SASREF [31] was then employed for rigid body modeling. SASREF performs quaternary structure modeling of a complex formed by subunits with known atomic structure against solution scattering data minimizing the discrepancy χ 2 between the experimental and calculated data (Eq. (1)). In order to make a feasible model, the N-terminal of the P450-domain was kept at a distance of 4 Å from the C-terminal of the DOX-domain. The final solution is free of steric clashes. Finally, this model was super-imposed on the ab initio model using the program SUPCOMB [32] . All programs used for analysis of the SAXS data belong to the ATSAS package [33] . Purified wild-type enzyme in 20 mM HEPES buffer (pH 7.4) was treated with 1:200 (w/w) trypsin. After the reaction was accomplished over night at 4°C, the peptide-pattern was analyzed by 10% SDS-PAGE. Complete in-gel digestion of fragments from the SDS-PAGE was performed according to Shevchenko et al. [34] . Peptides were separated on an RSLCnano Ultimate 3000 system (Thermo Scientific, Waltham, USA). Therefore, peptides were bound on an Acclaim® PepMap 100 column (75 mm × 2 cm, C18, 3 mm, 100 Å, P/N164535 Thermo Scientific) and washed for 12 min with 4 μl/min 0.05% trifluoroacetic acid. Analytical peptide separation by reverse phase chromatography was performed on an Acclaim® PepMap RSLC column (75 μm × 15 cm, C18, 3 μm, 100 Å, P/N164534 Thermo Scientific) running a gradient from 3.2% acetonitrile/0.1% formic acid to 40% acetonitrile/0.1% formic acid within 25 min at a flow rate of 250 nl/min. Nano ESI mass spectrometry on Orbitrap Velos Pro (Thermo Scientific): Peptides eluting from this column were on-line ionized by nano-electrospray (nESI) using the Nanospray Flex Ion Source at 2.4 kV and continuously transferred into the mass spectrometer. Full scans within m/z of 300-1850 were recorded by the Orbitrap-FT analyzer at a resolution of 30.000 (using m/z = 445.120025 as lock mass) with parallel data-dependent top 10 MS 2 -fragmentation in the LTQ Velos Pro linear ion trap. MS/MS 2 data processing for protein analysis and identification was done with the Proteome Discoverer 1.3 software (Thermo Scientific) using the Sequest analysis algorithm and a taxon-defined protein database.
Double-Electron Electron Resonance (DEER)
The tyrosyl radical was generated by activating 300 μM of PpoAmonomer with an equal volume of 16 mM 8-HPODE in 50 mM HEPES, pH 7.5, containing 30% glycerol. Upon mixing, the reaction was transferred to a Q-band (34 GHz) EPR tube (2 mm outer diameter) and manually quenched after 5 to 7 s by freezing in liquid nitrogen. Pulsed EPR-measurements were performed on a Bruker ELEXSYS E580 equipped with Q-band capabilities. Temperature was adjusted using a liquid helium cryostat CF935 from Oxford Instruments (Abingdon, UK). For optimal sensitivity, the measurements were performed at 5 K. DEER data were collected utilizing a dead-time free four-pulse sequence [35] and the parameters of the pulse-sequence were typically set as follows: π/2 = 20 ns; τ 1 = 200 ns; π(PELDOR) = 50 ns and the shot repetition time was set to 100 ms. A two-step phase cycle was used to suppress offset contributions to the modulation depth. Distance distributions were extracted from dipolar time evolution traces using fitting with Tikhonov regularization as implemented in DeerAnalysis2011 [36] .
Site-directed mutagenesis
Site-specific nucleotide exchanges were conducted on the previously described expression plasmid [17] by utilization of oligonucleotides with specific mismatches at the desired position. Details of the reaction are specified in [21] and the sequences of the utilized oligonucleotides are given in the supplemental material (Table S1 ). Insertion of site-specific mutations was confirmed by sequencing of the entire open reading frame. The plasmid encoding the Tyr327Phe variant of PpoA was constructed in a previous study [21] .
Product identification by LC/MS 2 and UHPLC ESI QTOF MS/MS analysis
PpoA wild type and variants were expressed in three independent batches. After cell disruption, the lysate was incubated with 100 μM peroxide-free oleic acid and linoleic acid, respectively. The reaction was stopped and reaction products were extracted after 2 min incubation time by Et 2 O. LC/MS 2 -analysis was performed as described previously [17] . Products were assigned based on previously reported spectra. The respective spectra can be found in the following publications: [37] For fragmentation studies the samples were analyzed by Ultra High Performance Liquid Chromatography (1290 Infinity, Agilent Technologies, Santa Clara, USA) coupled with a 6540 UHD Accurate-Mass QTOF LC MS instrument with Agilent Jet Stream Technology as ESI source (Agilent Technologies, Santa Clara, USA). For LC a ACQUITY UPLC BEH SHIELD RP18 column (1 × 100 mm, 1.7 μm particle size, Waters Corporation, Milford, USA) was used at a temperature of 40°C and a flow rate of 0.5 ml/min. Water was used as solvent A and acetonitrile as solvent B. 0.1% formic acid was added to both solvents. The oxylipin species were eluted under the following conditions: a gradient from 40 to 100% solvent B in 8 min and 100% solvent B for 4 min. The column was re-equilibrated at 40% solvent B for 4 min.
The QTOF MS was operated in the targeted MS/MS mode with a detection frequency of 4 GHz. The source conditions were as follows: gas temperature: 250°C; drying gas flow: 8 l min 
X-band EPR
Continuous wave spectra of PpoA-variants at X-band were measured as described in our previous studies [20, 21] .
Results
SAXS
In order to answer the question, how the two catalytic domains are arranged in PpoA, we performed SAXS-measurements in combination with atomic structure prediction of the single domains as described previously [21] . The size-exclusion column used for protein purification assured sample's monodispersity, which is a prerequisite for SAXS-measurements. Radiation damage during X-ray exposure was monitored by several successive measurements of a single protein solution. No significant changes were observed (data not shown). The scattering curves obtained for enzyme-concentrations from 0.5 to 10 g/l showed very little concentration dependency (Supplemental material, Fig. S1 ) and the data were extrapolated to infinite dilution using standard methods. The overall parameters derived from the extrapolated curve displayed in Fig. 2 are presented in Table 1 . Based on the Porod volume, M r was determined to bẽ 315 kDa, which corresponds well to the expected value for a trimeric protein (330 kDa). The p(r) function had a bell shape typical for globular proteins and revealed D max of 16.5 ± 1 nm. Twenty independent runs of DAMMIF computed without symmetry restrictions were averaged by DAMAVER, providing the M r estimate of 330 kDa, which is also compatible with a trimeric quaternary structure. Therefore, DAMMIF was also run with P3 symmetry. Again, 20 independent runs were performed and averaged by DAMAVER. The reconstruction assuming P3 symmetry is similar in the overall shape to that in P1 but the symmetric one provided more structural detail (Fig. 3A, B) . This result is supported by an independent determination of the native enzyme's molecular weight by High Mass MALDI-TOF (Fig. S10) .
In an independent modeling approach, the quaternary structure of PpoA was reconstructed by restrained rigid body refinement using SASREF and the predicted models of the two distinct PpoA-domains. The typical SASREF model provided a good fit to the experimental data with Chi = 0.69 (Fig. 2) and displayed a nearly flat triangular shape (Fig. 3C, D) , which was fully compatible with the ab initio reconstruction (Fig. 3E, F) .
Native trypsinolysis of PpoA and identification of accessible cleavage sites
In order to verify this structural model, surface exposed protease cleavage sites were mapped. Therefore, native wild type enzyme was subjected to proteolysis with trypsin. This treatment did not alter the apparent native molecular weight as judged by size-exclusion chromatography (data not shown). However, upon denaturation four stable fragments were separated by SDS-PAGE (Fig. 4A) . The sites that were accessible to proteolytic cleavage were identified by ESI-MS 2 analysis of the excised bands. Therefore, the stable fragments derived from SDS-PAGE were completely in-gel trypsinated and the resulting peptides were analyzed by mass spectrometry. Using a semi-quantitative analysis, four accessible trypsin cleavage sites of the native protein can be suggested: Arg140, Lys350, Lys789 and Lys834 (Supplemental material, Fig. S2 ). These cleavage sites are highlighted within the predicted quaternary structure (Fig. 4B, blue spheres) . Notably, the accessible digestion sites are distributed on the edge of the molecule and the flat sites of the particle are inaccessible for the protease's active site. Fig. 2 . Experimental SAXS data vs. theoretical scattering (red) using SASREF. The figure also shows the derived pair-distance distribution function p(r). 
Measuring tyrosyl-tyrosyl distances by DEER and assigning the radical position
In the derived structural model of PpoA, the DOX-domains are arranged in the middle of the triangular structure, whereas the three cytochrome P450-domains are located at the vertices (Fig. 5, green vs. blue). This model gives rise to an equilateral distance triangle spanned between active site residues of the single monomers. As catalytic important residues of the DOX-domain two tyrosines are proposed to mediate fatty acid oxidation by a radical mechanism [17, 20, 21] . Within the structural model, the distances between these putative radical sites are 5.1 ± 1 nm and 4.4 ± 1 nm, respectively (Fig. 5) . Interestingly, a previous measurement of inter-spin distances at X-band EPR indicated that the observed tyrosyl radicals of the distinct monomers are spaced by a pair of distances [20] . Whereas the larger of these distances (~5.2 nm) is in good agreement with the distances between the Tyr374s within the proposed trimeric structure, one may speculate that the shorter distance (~3.9 nm) represents the distances between the Tyr327s and thus suggests an alternative radical at this site. To examine this hypothesis, the inter-spin distances in wild type enzyme were remeasured at Q-band, a frequency that provides higher spin sensitivity for DEER, and compared with the distance distribution measured for the Tyr327Phe variant. The results of this experiment revealed that the pair of distances previously obtained at X-band is reproducible also at Q-band (Fig. 6) . Moreover, from the dipolar evolution traces of the Tyr327Phe variant basically the same distance distribution as for the wild type enzyme was extracted.
Determinants of substrate binding to the cytochrome P450-domain of PpoA
In contrast to the DOX-domain, ionic interactions with the substrate's carboxylate do not contribute to substrate binding to the cytochrome P450-domain of PpoA ( [21] and Supplemental material). In the light of this finding, other determinants for substrate binding to the cytochrome P450-domain were sought. Assuming that the substrate is placed as proposed before [21] , a pair of phenylalanines (Phe795 and Phe799) is in proximity to the substrate's double-bonds and sequence alignments indicate that these phenylalanines are highly conserved in the Ppo enzyme family (Supplemental material, Figs. S3 and S4). Thus, one may assume that π-stacking between the phenyl ring of Phe795 and the Δ9 double bond and, optionally, between the phenyl ring of Phe799 and the Δ12 double bond of the substrate contributes to substrate binding and assures proper substrate placement. To experimentally assess the contributions of these active site residues to enzymatic turn-over, the respective leucine variants of PpoA (Phe795Leu and Phe799Leu) were generated by site-directed mutagenesis.
Since the phenyl ring of Phe795 was proposed to bind the Δ9 double bond of the substrate, oleic acid was utilized to probe the respective variant. Indeed, the product pattern of this conversion shows an increased amount of 6,8-DiHOME formed (Fig. 7A) . This increased quantity of a positional isomer is consistent with Phe795 being involved in proper substrate placement. In contrast, conversion of linoleic acid leads to a smaller, but still significant, increase in the relative amount of 6,8-DiHODE (Supplemental material, Fig. S5 ). Considering that this substrate might be additionally constrained by its second double bond at Δ12, the contribution of the phenyl ring of Phe799 to substrate binding was analyzed next. Interestingly, conversion of linoleic acid by the Phe799Leu variant resulted in a significantly diversified product pattern as compared to wild type enzyme (Fig. 7B) . The identity of the newly formed products (epoxy alcohols and ketones) suggested conversion of 8-HPODE by free heme as reported previously [40] . Indeed, the P450-heme of the Phe799Leu variant was found to be significantly less abundant than in wild type enzyme, but also for the purified enzyme the product pattern was diversified, which suggests that the loss of reaction specificity is not solely caused by reactivity of free heme (Fig. 8) . To further investigate the mechanism by which Phe799 influences heme binding and reaction specificity, the respective tyrosine (Phe799Tyr), methionine (Phe799Met) and tryptophane (Phe799Trp) variants were constructed. Whereas the Phe799Tyr variant exhibited reaction specificity comparable to wild type enzyme, the bulky residue introduced in the Phe799Trp variant seemed to prevent substrate access and therefore 8-HPODE rearrangement and the Phe799Met variant exhibited basically the same diversified product pattern as the Phe799Leu variant (Supplemental material, Fig. S6 ). In contrast to the later, all other variants exhibited a UV/VIS-spectrum indicative of full heme occupancy (Supplemental material, Fig. S7 ). To finally assess, whether the thus shown effect of an aliphatic residue at position 799 on reaction specificity is due to π-stacking to the Δ12 double bond, Tyr374 Tyr327 A C D B Fig. 6 . Dipolar evolutions and distance distributions of tyrosyl-tyrosyl distances in PpoA. A. Background corrected dipolar evolution of tyrosyl-tyrosyl distances in 100 μM PpoA wild type reacted with 160-fold excess 8-HPODE and aged for~6 s. The trace was accumulated at 5 K and averaged for 20 h. Shown is a representative evolution of three independent measurements. B. Distance distributions extracted from A. C. Background corrected dipolar evolution of tyrosyl-tyrosyl distances in 100 μM PpoA_Tyr327Phe. The experimental procedure yielding the radical is identical to the one specified for A. Shown is a representative evolution of two independent measurements. D. Distance distributions extracted from C. conversions of oleic acid by the Phe799Leu variant were analyzed. This substrate lacks a Δ12 double bond and thus, if the reaction specificity would be based solely on π-stacking between the phenyl-ring of Phe799 and the substrate's Δ12 double bond, conversions of this substrate by the Phe799Leu-variant of PpoA should exhibit the same product pattern as the wild type enzyme. However, the product pattern was also diversified as compared to the wild type enzyme (Supplemental material, Fig. S8 ). Since the oxylipins derived from oleic acid are not as well characterized as the ones derived from linoleic acid, we identified those products by employing UHPLC ESI QTOF MS/MS analysis as shown in Supplemental material Table S2 and Fig. S9 . This method provides not only a better separation of the formed metabolites but also exact mass information of the MS/MS-fragments, which facilitates the unequivocal identification of products. Interestingly, this analysis showed that among the formed products diastereomers of the 5,8-DiHOME derivative exist. These have also been observed before [19] . In addition we found 8,11-DiHOME, 6,8-diHOME, two diastereomers of the respective epoxyalcohols (tentatively assigned as 9,10-Ep-8-HOME and 8,9-Ep-10-HOME according to [40] ) as well as 8-HOME and 8-KOME.
Discussion
Based on results from size-exclusion chromatography, which indicated that PpoA and related enzymes have an apparent molecular mass of approx. 440-520 kDa, it was suggested that these enzymes consist of four subunits building a tetrameric protein complex [14, 17] . The data obtained in the present study by SAXS experiments reveal that this view on the molecular weight was not precise enough. Moreover, this result is supported by an independent determination of the native enzyme's molecular weight by High Mass MALDI-TOF (Fig. S10 ) and may be explained by the proposed, relatively flat, trimeric quaternary structure (Fig. 3 ). This flat shape may cause an error prone estimation of the native molecular weight, if it is determined by size exclusion chromatography, which is calibrated for globular proteins. Based on docking of previously derived structural models of the distinct PpoA domains [21] to the scattering curve, a quaternary structure with atomic resolution is proposed. This structure may reasonably explain why tryptic digestion of native PpoA does not lead to its complete degradation (Fig. 4) . The positions of the identified accessible cleavage sites within the structural model suggest that only the edges of the flat molecule can reach into the active site of trypsin, whereas potential cleavage sites on the flat surfaces of PpoA are inaccessible.
With the atomic structural model of the PpoA trimer on hand, the catalytic competent active site tyrosyls in the DOX-domain were examined next. Homology between the active site architecture of PpoA and that of PGHS suggested that two tyrosine residues may serve as radical sites: Tyr374 and Tyr327 [15, 21] . The distances between these residues in the here proposed model and two tyrosyltyrosyl distances extracted from a previous DEER-measurement [20] indicated that a radical might be formed at both active site tyrosines. Whereas the longer distance of 5.2 nm matched the distance between the three Tyr374 of the trimeric complex of our model (Fig. 5) , the shorter distance was initially suggested to arise from dipolar couplings of amino acid radicals formed at Tyr327. Surprisingly, however, our DEER analysis of the respective Tyr327Phe-variant resulted in the same pair of distances (4.1 and 5.2 nm, respectively; Fig. 6 ) with basically the same intensity distribution as that of the wild type enzyme. This smaller distance may reflect a non-physiological artifact caused by the high enzyme-concentrations needed for this kind of measurements. In fact, SAXS-analysis has identified particle repulsion at concentrations > 26 g/l suggesting polydispersity of the enzyme at high concentration (data not shown). This might imply that the smaller distance measured by DEER, represents the distance between the catalytic tyrosyls in one of the alternative oligomers formed at high concentrations in vitro. To additionally strengthen this hypothesis, we also evaluated some alternative scenarios potentially causing this smaller distance. However, we finally excluded most of them or judged them to be unlikely (cf. Supplemental Table S3 ).
Moreover, the proposed atomic structure was utilized to investigate substrate binding to PpoA's P450 active site. Two phenylalanines (Phe795 and Phe799) in proximity to the substrate's double bonds suggested that π-stacking may play a role in this respect. In line with such a mechanism, previous reports suggested that regioselectivity of hydroperoxide rearrangement is rather determined by the distance from the substrate's double bonds than by the distance to the fatty acid's ω or carboxyl end [17, 41] . Interestingly, the two identified phenylalanines are located in the substrate recognition sites 2 and 3, i.e. between the α-helices F and G. Since substrate recognition sites are generally considered to determine substrate binding and reaction specificity of cytochrome P450s [42] , the identified two phenylalanines may possess a similar function in PpoA. In the proposed model, however, substrate bound to Phe795 and Phe799 may be too distant from heme, to be in a catalytic active position. Nevertheless, for cytochrome P450s conformational changes upon substrate binding are common and may favorably affect the F-and G-helices, which may lead to a closure of the active site [43, 44] . Considering this conformational flexibility of cytochrome P450s, the identified phenylalanines are reasonable determinants for substrate binding. Consequently, interactions between the substrate and Phe795 and Phe799, respectively, would constrain the [19] , the main product of the wild type enzyme is 5,8-DiHOME. In contrast, the Phe795Leu variant forms a significantly increased amount of 6,8-DiHOME. Shown is a representative chromatogram from three biological replicates. Main products are marked. The unidentified products may be 8,11-DiHOME and 8-KOME. B. The variation of Phe799 to Leu provokes a severe diversification of the product pattern. Shown is a representative chromatogram for conversion of linoleic acid by three biological replicates. Abbreviations: DiHOME: dihydroxy-oleic acid; 9,10-ep-8OH: 8-hydroxy-9,10-epoxy-stearic acid; HOME: hydroxy-oleic acid; KOME: oxo-oleic acid; DiHODE: dihydroxylinoleic acid; epoxy alcohols: 8-hydroxy-9,10-epoxy-12Z-octadecenoic acid and 10-hydroxy-8,9-epoxy-12Z-octadecenoic acid; HODE: hydroxy-linoleic acid; HPODE: hydroperoxy-linoleic acid; KODE: oxo-linoleic acid.
substrate position and thus determine reaction specificity. Whereas the hydroperoxide isomerization reaction catalyzed by the Phe795Leu variant was in agreement with this assumption and exhibited a less specific regiochemistry of hydroxylation, the Phe799Leu variant revealed a dual function of this phenylalanine in substrate as well as heme binding (Figs. 7 and 8 ). The reduced P450 heme content, which was accompanied by formation of epoxy alcohols and ketones, might be interpreted as loosely bound cofactor leaking in the medium and, as a result, causing an unspecific conversion of the hydroperoxy fatty acid formed in PpoA's DOX-domain by free heme [40] . However, this product pattern was maintained also for conversion of linoleic acid by the purified enzyme suggesting that the diversification of the product pattern is caused by a decreased ability of the apoenzyme to govern the cofactor's reactivity. Substantiating this conclusion, the Phe799Met variant rearranged 8-HPODE to the same diversified product pattern as the leucine variant, although the heme binding was not impaired in this variant. Diversification of the products formed from oleic acid by PpoA's Phe799Leu-variant gives rise to the assumption that π-stacking between the phenyl ring and the Δ12 double bond of the substrate is not the mechanism by which Phe799 influences substrate binding. Located at the boundary of the active site, the bulky, aromatic side chain of this residue may constrain the substrate within the closed enzyme [44] . In line with this, an even larger residue at this site (Phe799Trp) completely abolished the ability to rearrange fatty acid hydroperoxides putatively by preventing substrate access to the active site.
Conclusion
Based on SAXS-measurements, a quaternary structure of PpoA was derived. This structure suggests that PpoA is a trimer rather than a tetramer, as it was proposed so far. The orientations of both domains with respect to each other were derived from the predicted domains docked into the SAXS-derived low resolution structure and the predicted domains itself assisted in gaining further insights into the mechanism of substrate binding. Thus, proper substrate placement in the cytochrome P450-domain of PpoA requires the presence Fig. 8 . The mutation of Phe799 to Leu leads to a significant loss of cytochrome P450 heme. A. The UV/VIS-spectrum of this variant shows a reduced Soret-peak relative to wild type enzyme. This indicates an~40% heme loss. B. X-band cw-EPR spectrum of the variant shows that only the low-spin heme content (i.e. the P450-heme [20] ) is reduced, whereas the high-spin heme (i.e. the DOX-heme [20] ) shows the same abundance as in the reference spectrum of wild type enzyme. Note that for clarity an offset was added to the variant's spectrum. C. Representative LC/MS-chromatogram of linoleic acid conversion by purified PpoA_Phe799Leu. Note that the amount of rearranged 8-HPODE is drastically reduced in comparison to wild type enzyme and a concomitant accumulation of 8-HPODE is observed. This reduced activity of the P450-domain is in agreement with the reduced cofactor abundance. However, also for the purified variant the product pattern is diversified. Three independent conversions were performed.
of two phenylalanines. Furthermore, the assignment of Tyr374 as solely catalytic competent tyrosine was strengthened by combining the SAXS-derived low resolution structure with the precise determination of tyrosyl-tyrosyl distances by DEER.
